G protein-coupled receptors (GPCRs) are essential for normal central CNS function and represent the proximal site(s) of action for most neurotransmitters and many therapeutic drugs, including typical and atypical antipsychotic drugs. Similarly, protein kinases mediate many of the downstream actions for both ionotropic and metabotropic receptors. We report here that genetic deletion of p90 ribosomal S6 kinase 2 (RSK2) potentiates GPCR signaling. Initial studies of 5-hydroxytryptamine (5-HT) 2A receptor signaling in fibroblasts obtained from RSK2 wild-type (؉͞؉) and knockout (؊͞؊) mice showed that 5-HT 2A receptor-mediated phosphoinositide hydrolysis and both basal and 5-HT-stimulated extracellular signal-regulated kinase 1͞2 phosphorylation are augmented in RSK2 knockout fibroblasts. Endogenous signaling by other GPCRs, including P2Y-purinergic, PAR-1-thrombinergic, ␤1-adrenergic, and bradykinin-B receptors, was also potentiated in RSK2-deficient fibroblasts. Importantly, reintroduction of RSK2 into RSK2؊͞؊ fibroblasts normalized signaling, thus demonstrating that RSK2 apparently modulates GPCR signaling by exerting a ''tonic brake'' on GPCR signal transduction. Our results imply the existence of a novel pathway regulating GPCR signaling, modulated by downstream members of the extracellular signal-related kinase͞ mitogen-activated protein kinase cascade. The loss of RSK2 activity in humans leads to Coffin-Lowry syndrome, which is manifested by mental retardation, growth deficits, skeletal deformations, and psychosis. Because RSK2-inactivating mutations in humans lead to Coffin-Lowry syndrome, our results imply that alterations in GPCR signaling may account for some of its clinical manifestations.
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serotonin ͉ signal transduction G protein-coupled receptors (GPCRs) represent proximal molecular targets for most neurotransmitters, many psychiatric medications, and some drugs of abuse (1) . Thus, for instance, antipsychotic and antidepressant medications interact with literally dozens of GPCRs (2) . Drugs of abuse tend to have a more restricted pattern of interaction, with morphine being selective for -opioid receptors, and salvinorin A being selective for -opioid sites (3) . GPCRs can also function as coreceptors for viruses; thus, the 5-hydroxytryptamine (5-HT) 2A serotonin receptor acts as a coreceptor for the JC virus, the agent responsible for progressive multifocal leukoencepalpathy (4) . Agonist-induced activation of GPCRs frequently leads to a complex cascade of intracellular signaling involving arrestins and members of the mitogen-activated protein kinase (MAPK) cascade (5) .
The p90 ribosomal S6 kinases (RSK)1-4 are downstream members of the extracellular signal-regulated kinase (ERK)͞MAPK cascade, which contain two separate kinase domains connected by a linker domain (Fig. 1B) (6) . Multiple phosphorylation events by upstream protein kinases are necessary for the complete activation of the N-terminal kinase (NTK) domain of RSKs (Fig. 1B) . The NTK of RSK2 phosphorylates a broad range of substrates, including cAMP response element-binding protein, c-Fos, IB͞NF-B, glycogen synthase kinase-3, and many others (7) . Because RSK2 has a broad range of substrates and actions, it is likely to participate in many other cellular processes. Intriguingly, RSK2 has also been found in association with NMDA and ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors (8, 9) , which also interact with postsynaptic density protein 95 (10) and have been implicated in the etiology of psychotic disorders (11) . Recently, RSK2 has also been demonstrated to regulate excitatory synaptic transmission via AMPA receptors (9) .
Coffin-Lowry syndrome (CLS) is an X-linked mental retardation syndrome resulting from null mutations of RSK2 (12) . CLS is characterized by severe mental retardation, craniofacial and skeletal deformities, growth retardation, movement and cardiovascular disorders, and a schizophrenia-like psychosis in heterozygotic females (6) . RSK2 knockout mice show diminished memory, coordination deficits, and growth retardation (13) , providing a model for the study of CLS. In addition, RSK2 knockout mice demonstrate alterations in insulin-and exercise-stimulated ERK͞MAPK signal transduction (13) and in transcription factor phosphorylation (14) . Because the transcription factor cAMP response-elementbinding protein (CREB) is implicated in learning and memory (15) , changes in the CREB pathway associated with RSK2 deficiency may lead, in part, to the symptoms of CLS.
We report here that RSK2 also has a regulatory function on GPCR signaling exerting a ''tonic brake'' on second-messenger production for a number of GPCRs. These results imply the existence of a previously uncharacterized pathway regulating GPCR signaling, modulated by downstream members of the ERK͞ MAPK cascade.
Results
Identification of RSK2 as a 5-HT2A Receptor-Interacting Protein. As part of a larger effort to identify novel GPCR regulators, we performed a yeast two-hybrid screen of a human brain cDNA library (see Supporting Text, which is published as supporting information on the PNAS web site) using the third intracellular loop (i3) of the 5-HT 2A receptor as bait. A large number of putative 5-HT 2A receptor-interacting proteins were identified (see Table 2 , which is published as supporting information on the PNAS web site, for details) and one clone, 33.5, which encoded a portion of the C-terminal kinase domain of RSK2, was selected for further study ( Fig. 1 A and B ; Table 2 ).
The site of interaction between RSK2 and the 5-HT 2A receptor i3 loop bait was identified by making serial deletions of the i3 loop and monitoring the interaction with the RSK2 target by two-hybrid analysis (see Supporting Text). Fig. 1C shows that growth of yeast on triple dropout (TDO) and quadruple dropout (QDO) media was lost when the i3 loop was truncated to amino acid 268, but that growth still occurred with the amino acid 282 truncation. This was not a ''length effect'' of the truncation of the i3 loop, because the yeast also failed to grow on TDO and QDO when transformed with the full i3 loop containing a deletion of amino acids 270-280 and the RSK2 target. These findings identified RSK2's site of interaction with the 5-HT 2A receptor i3 loop to residues 270-280 of the 5-HT 2A receptor, a region that includes a putative RSK2 consensus phosphorylation site (amino acids 275-280; Fig. 1C ).
Coimmunoprecipitation studies verified the 5-HT 2A receptor-RSK2 interaction in vitro and in vivo. For in vitro studies, human embryonic kidney (HEK)-293 cells were transiently transfected with human FLAG-tagged 5-HT 2A receptors (FLAG-5-HT 2A ) and RSK2 ( Fig. 2A) . As shown in Fig. 2 A, RSK2 was coimmunoprecipitated with FLAG-5-HT 2A receptors (Fig. 2 A, lanes 3 and 4) , indicating that 5-HT 2A receptors and RSK2 associate in vitro. The association of FLAG-5-HT 2A and RSK2 was unaltered by agonist exposure (Fig. 2 A, compare lanes 3 and 4) , indicating that 5-HT 2A receptors and RSK2 associate in an agonist-independent manner in HEK-293 cells. Coimmunoprecipitation studies were also done in two different cellular milieus where 5-HT 2A receptors and RSK2 are constitutively expressed (C6-glioma cells and rat brain synaptic membranes), to determine whether RSK2 and the 5-HT 2A receptor associate in vivo. To verify the specificity of the interaction, immunoprecipitations were performed by using protein-A͞G agarose beads in the absence (Ϫ) or presence (ϩ) of a monoclonal anti-RSK2 antibody. Fig. 2B , first image, shows that 5-HT 2A -like immunoreactivity was present in C6-glioma cell immunoprecipitates only when the RSK2 antibody was used (compare lanes 1 and 2). Fig. 2B , third image, shows the immunoprecipitation of RSK2 in the presence of the monoclonal RSK2 antibody but not with protein A͞G beads alone, confirming the specificity of the immunoprecipitation. Fig. 2B , second and fourth images, shows that equivalent levels of 5-HT 2A -like immunoreactivity and RSK2 were present in the lysates from which the immunoprecipitations were performed. These data indicate that RSK2 and 5-HT 2A receptors endogenously associate in C6-glioma cells. Similar results were obtained by using rat brain synaptic membranes (Fig. 2C) .
We also examined the distribution of RSK2 in rat brain in two regions rich in 5-HT 2A receptors: the prefrontal cortex and the globus pallidus. 
RSK2 Modulates GPCR Signaling.
To determine the functional significance of this interaction, we obtained fibroblasts from RSK2ϩ͞ϩ and RSK2Ϫ͞Ϫ mice (14) . We performed microarray studies to identify endogenously expressed GPCRs in these cell lines (Table 3 , which is published as supporting information on the PNAS web site) and assessed signaling at a subset of the identified receptors. As shown in Fig. 3 A-C and Fig. 5 , which is published as supporting information on the PNAS web site, deletion of RSK2 augments agonist-stimulated intracellular Ca 2ϩ release for 5-HT 2A -serotonergic, P2Y-purinergic, and PAR1-thrombinergic receptors and also potentiated agonist-stimulated ␤1-adrenergic receptor cAMP accumulation.
We next examined 5-HT 2A receptor signaling in both cell lines in greater detail. In both RSK2Ϫ͞Ϫ and RSK2ϩ͞ϩ fibroblasts, 5-HT induced an increase in phosphoinositide (PI) accumulation that was abolished by the selective 5- (Fig. 3E ). We also found that 5-HT 2A -mediated PI hydrolysis was augmented in the RSK2Ϫ͞Ϫ fibroblasts (Fig.  3D ). To determine whether this was due to an enhanced surface expression of 5-HT 2A receptors, we prepared stable lines expressing FLAG-5-HT 2A and performed surface biotinylation studies. We found that stable lines of RSK2Ϫ͞Ϫ and RSK2ϩ͞ϩ fibroblasts overexpressing FLAG-5-HT 2A receptors displayed enhanced 5-HT 2A -mediated maximal PI accumulation (Fig. 3F ), but no difference in the cell surface expression of FLAG-5-HT 2A receptors (as determined by cell surface biotinylation) was measured (Fig.  3G ). These data indicate that the alterations in signaling are not due to differences in 5-HT 2A receptor expression.
Microarray studies were used to determine whether the changes in GPCR signaling might be due to altered expression of genes involved in second-messenger production. Similar numbers of genes were expressed [''present'' calls by the Affymetrix software (see Dataset1, which is published as supporting information on the PNAS web site); see Supporting Text for details] in the RSK2ϩ͞ϩ and RSK2Ϫ͞Ϫ fibroblasts, and roughly equivalent numbers of genes were ''increased'' and ''decreased'' when RSK2Ϫ͞Ϫ and RSK2ϩ͞ϩ fibroblasts were compared (data not shown). Additionally, 97% of the expressed genes showed Ͻ2-fold changes between RSK2ϩ͞ϩ and RSK2Ϫ͞Ϫ lines. Taken together, we interpret these findings to indicate that no global change in gene expression occurs in the absence of RSK2 (see Supporting Text and Fig. 6 , which is published as supporting information on the PNAS web site). However, there were selected alterations in gene expression of pathways in which RSK2 has been well characterized to play a role, such as cell cycle progression (see Fig. 7 , which is published as supporting information on the PNAS web site, and Supporting Text for full details). Importantly, however, no changes in gene expression were seen for members of GPCR signal transduction cascades (Fig. 8 , which is published as supporting information on the PNAS web site) that would account for the augmented signaling phenotype. These data indicate that the augmented signaling in RSK2Ϫ͞Ϫ fibroblasts was not due to alterations in the expression of genes that regulate GPCR second-messenger production.
We next examined in greater detail the augmented signaling caused by RSK2 knockout and found an effect on maximal secondmessenger production but no change in agonist potency for any of the receptors examined (Fig. 4 and Table 1 ). To verify that the signaling differences between RSK2ϩ͞ϩ and RSK2Ϫ͞Ϫ fibroblasts were due to the absence of RSK2 in the knockout cells and to mouse strain background differences or phenotypic drift, several monoclonal lines were prepared in which RSK2 was stably reintroduced into the RSK2Ϫ͞Ϫ fibroblast background. Fig. 4A shows the expression of RSK2 in the RSK2Ϫ͞Ϫ and RSK2ϩ͞ϩ fibroblasts and in the RSK2Ϫ͞Ϫ RSK2-transfected stable line. Reintroduction of RSK2 into the RSK2Ϫ͞Ϫ background reversed the PI hydrolysis phenotype for 5-HT 2A -serotonergic, PAR-1-thrombinergic, bradykinin-B, and P2Y-purinergic receptormediated signaling (Fig. 4 B-E) . Thus, reintroduction of RSK2 into RSK2Ϫ͞Ϫ fibroblasts normalizes signaling.
To determine whether the augmentation of 5-HT 2A receptormediated PI hydrolysis in the absence of RSK2 was due to differences in receptor phosphorylation, [ 32 P]orthophosphate metabolic labeling studies were performed (see Supporting Text for details). Fig. 4F shows a representative immunoblot and autoradiogram of cells metabolically labeled with [ 32 P]orthophosphate, followed by immunoprecipitation of FLAG-5-HT 2A receptors. As reported (16), 5-HT 2A receptors were not detectably phosphorylated. These data imply that differences in 5-HT 2A receptor signaling in RSK2Ϫ͞Ϫ and RSK2ϩ͞ϩ fibroblasts may not be due to differences in phosphorylation of 5-HT 2A receptors, although further studies will be needed to definitively address this possibility.
RSK2 Modulates ERK1͞2 Phosphorylation. Finally, we examined 5-HT 2A receptor-stimulated ERK1͞2 phosphorylation in response to 5-HT. We found that both basal (0-min) and 5-HT stimulated (5-, 10-, 15-, and 30-min) ERK1͞2 phosphorylation was increased in RSK2Ϫ͞Ϫ compared with RSKϩ͞ϩ fibroblasts (Fig. 9 A and which is published as supporting information on the PNAS web site). Significantly, the elevated basal levels of ERK1͞2 phosphorylation were attenuated by treatment with 100 nM MDL100,907 (Fig. 9A, compare lanes M and 0; Fig. 9C ), a highly selective 5-HT 2A antagonist (17) . These results imply that the increase in basal phosphorylation seen in RSK2Ϫ͞Ϫ fibroblasts is due, at least in part, to augmented constitutive 5-HT 2A receptor activity.
Discussion
In this paper, we show that RSK2 exerts a tonic brake on GPCR signaling. We also show that RSK2 can directly interact with at least one GPCR (the 5-HT 2A serotonin receptor), and that this association has two significant cellular consequences on GPCR signaling. The absence of RSK2 results first in an increase in agonist efficacy as measured through PI hydrolysis, without a change in agonist potency and second, in an increase in both basal and stimulated ERK phosphorylation. Intriguingly, this increase in basal ERK phosphorylation is attenuated by treatment with MDL100,907, a selective 5-HT 2A antagonist. Additionally, reintroduction of RSK2 into RSK2 knockout fibroblasts normalizes 5-HT 2A serotonin, PAR-1 thrombin, P2Y-purinergic, and bradykinin-B receptormediated signaling. Together, these findings describe a previously undescribed mode of GPCR regulation.
We have previously shown an interaction of 5-HT 2A receptors with postsynaptic density protein 95 (PSD-95), a PSD-95͞discs large͞ZO-1 (PDZ) domain-containing scaffolding protein that interacts with the extreme C-terminal tail of the 5-HT 2A receptor via a canonical type 1 PDZ ligand (18) . In addition, a number of other GPCRs have previously been shown to interact with PDZ domain-containing scaffolding proteins (see ref. 19 for review). Agonist potencies (EC50) and efficacies (Emax) were determined for agonist-mediated activation of PI hydrolysis, as described in Materials and Methods. pEC50 values are represented as Ϫlog of EC50 as molar concentrations. The results represent the average of four independent experiments. *Statistically different from RSK2ϩ͞ϩ fibroblasts, P Ͻ 0.05. Interestingly, RSK2 has recently been demonstrated to contain C-terminal sequences that bind PDZ domains, and the interaction of RSK2 with PDZ domain-containing proteins has been demonstrated to be important for the role of RSK2 in synaptic function (9) . The possibility that PDZ domain-containing proteins, GPCRs, and RSK2 form large synaptic signaling complexes is an intriguing possibility that warrants further study. To this end, we will attempt to identify other RSK2-interacting proteins in future studies.
Prior studies with RSK2 knockout mice revealed an increase in basal or insulin-and exercise-stimulated ERK1͞2 phosphorylation (13). Dufresne et al. (13) hypothesized that the augmented basal ERK1͞2 phosphorylation could be due to either diminished feedback inhibition of RSK2 on the ERK͞MAPK cascade or altered expression of one of the ERK phosphatases. Our studies have demonstrated a similar finding, showing an apparent dissociation between agonist treatment and basal ERK1͞2 phosphorylation and an increase in 5-HT-stimulated ERK1͞2 phosphorylation in the absence of RSK2. However, we suggest that the increase in basal ERK1͞2 phosphorylation in RSK2 knockout mice and cells might be due to the removal of a tonic brake on GPCR signaling. That pretreatment of RSK2Ϫ͞Ϫ fibroblasts with the 5-HT 2A receptorselective antagonist MDL100,907 lowered basal ERK1͞2 phosphorylation to levels similar to those seen in the RSK2ϩ͞ϩ fibroblasts supports this notion. Additionally, microarray data indicate that global dysregulation of phosphatases or MAPK cascade members does not occur at the mRNA level (see Table 4 and Fig.  10 , which are published as supporting information on the PNAS web site). These data argue that RSK2 may have a novel role in maintaining the appropriate level of basal ERK-MAP kinase cascade activity by suppressing basal and receptor-stimulated activity of 5-HT 2A receptors, and perhaps other GPCRs.
The kinases participating in the phosphorylation of 5-HT 2A receptors have proven elusive, despite the presence of Ͼ30 potential phosphorylation sites and the identification of serine and threonine residues involved in desensitization (16) . To date, no agonistdirected phosphorylation of 5-HT 2A receptors has been reported, despite continued study (16) . Indeed, the association of RSK2 with 5-HT 2A receptors appears to be agonist-independent, because agonist stimulation had no effect on the coimmunoprecipitation of RSK2 with 5-HT 2A receptors. It is therefore possible that RSK2 constitutively phosphorylates the 5-HT 2A receptor, a possibility we are currently investigating. Because 5-HT efficacy is increased in RSK2 knockout cells, it is also possible that constitutive phosphorylation of 5-HT 2A receptors in wild-type cells could interfere with G protein-coupling efficiency, leading to a ''predesensitized'' state of the receptor.
Individuals with CLS have an increased risk of cardiac abnormalities, including mitral, tricuspid, and aortic valve abnormalities, pulmonary and aortic root dilation, and cardiomyopathy, suggesting an indispensable role for RSK2 in cardiovascular function (20) . PAR-1 thrombin receptors are highly expressed in the heart and have many cardiovascular functions (21) . Additionally, the 5-HT 2A receptor is highly expressed in vascular smooth muscle, pulmonary artery, and cardiac tissues. Because RSK2 deletion augments 5-HT 2A and PAR-1 signaling, our findings imply that cardiovascular abnormalities in patients with CLS may be due to a hyperactivation of GPCR signaling.
In summary, RSK2 has emerged as a regulator of GPCRs, exerting a tonic brake on GPCR signaling. Inactivating mutations of RSK2 in humans lead to mental retardation, skeletal muscle deformities, and psychosis. Intriguingly, GPCR signaling has been implicated in signaling pathways that regulate brain, bone, and skeletal muscle development (22) (23) (24) (25) (26) . Alterations of GPCR signaling induced by genetic deletion or inactivation of RSK2 may play a role in the pathogenesis of CLS and may be involved in other disorders manifested by dysmorphogenesis, psychosis, and͞or mental retardation. 
Materials and Methods
Materials and Constructs. The FLAG-tagged wild-type FLAG-5-HT 2A construct was prepared as described (18) . Native mouse RSK2 cDNA was subcloned from pMT2-HA-RSK2 (described in ref. 27 ) into the vector pcDNA3 (Invitrogen) to create the vector RSK2. To construct a viral vector for the expression of RSK2, bases 1938-1940 of the vector RSK2 were first mutated from TTC to CAG by using the Stratagene Quick Change Site-Directed Mutagenesis Kit to remove an EcoRI site at position 1935 of the wild-type mouse RSK2 sequence, while maintaining amino acid identity, to create the vector pRSK2-EcoRI-REM. The RSK2 insert of pRSK2-EcoRI-REM was then subcloned into the EcoRI and SalI sites of pBABE-puro (28) to create pBABE-RSK2-EcoRI-REM. All constructs were verified by automated full-length sequencing (Cleveland Genomics, Cleveland).
HEK-293, HEK-293T, HEK-293TS, and C6 glioma cells were from the American Type Culture Collection (Manassas, VA). Cell Culture, Transfection, and Stable Line Production. HEK-293 cells, HEK-293T cells, HEK-293-TS cells, RSK2 wild-type mouse fibroblasts (RSK2ϩ͞ϩ), and RSK2 knockout mouse fibroblasts (RSK2Ϫ͞Ϫ) were maintained in DMEM supplemented with 10% FBS͞1 mM sodium pyruvate/penicillin (100 units/ml)͞streptomy-cin (100 mg/ml) (GIBCO͞BRL) at 37°C and 5% CO 2 . Transfections and all further manipulations were as detailed (18, 30) . RSK2 and FLAG-5-HT 2A amphotrophic retroviruses were produced and infections carried out as described (31) . Stable lines were established and maintained by selection in DMEM containing 6 g͞ml puromycin.
Western Blotting, Immunoprecipitation, and Cell Surface Biotinylation. Coimmunoprecipitation and immunoblotting were performed as detailed (18, 30) . A monoclonal mouse RSK2 antibody (Santa Cruz Biotechnology) and protein A͞G agarose were used to immunoprecipitate RSK2 from C6 glioma cells and from rat brain synaptic membrane preparations. Rat brain synaptic membranes were prepared from rat frontal cortex as described (30) . Cell surface biotinylation was performed as described (32) .
Immunohistochemistry and Confocal Microscopy. For immunohistochemical studies, rats were perfused with 4% paraformaldehyde, prefrontal cortex sections were prepared, and immunohistochemical localization was done as described (33) . Sections were incubated in a mixture of a mouse monoclonal 5-HT 2A antibody (Pharmingen; 1:1,000) and a rabbit polyclonal RSK2 antibody (Upstate Biotechnology; 1:100), with subsequent incubation in the secondary antibodies goat anti-rabbit Alexa Fluor 488 (1:400; Molecular Probes) and goat anti-mouse CY3 (1:1250; Jackson ImmunoResearch). Dual-label immunofluorescence confocal microscopy was done as described (18, 30) .
Second-Messenger Studies. RSK2ϩ͞ϩ and RSK2Ϫ͞Ϫ fibroblasts were split at 40,000 cells per well into 24-well plates for PI hydrolysis assays and adenylate cyclase assays or at 120,000 cells per well into six-well plates for ERK1͞2 phosphorylation assays, in DMEM supplemented with 5% dialyzed FCS, and then serum-starved for 15 h before experimentation. The cells were then prepared for PI hydrolysis studies, for adenylate cyclase assays, or for measurements of ERK1͞2 phosphorylation, as described (18, 30, 36) . All studies were replicated at least three times and analyzed by nonlinear regression by using PRISM 4.03 software (GraphPad, San Diego). Statistical significance of the data was determined by two-tailed paired t test and was defined as P Ͻ 0.05.
